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(57) Abstract 

A system and method for controlling the manufacture of semicon- 
ductor wafers using model predictive control is provided. In accordance 
with one embodiment, a tool output of the manufacturing tool is deter- 
mined based on a first wafer run. Using the tool output, a tool input 
for a subsequent wafer run is determined by minimizing an optimization 
equation being dependent upon a model which relates tool output to tool 
process state and tool process state to tool input and previous tool process 
state. The tool input is then provided to the manufacturing tool for pro- 
cessing a second wafer run. In this manner, processing by the tool or 
tool age is taken into account in determining the tool input for a sub- 
sequent run. This can reduce variations in tool output from run-to-run 
and improve the characteristics of the ultimately formed semiconductor 
devices. The tool may, for example, be a chemical mechanical polishing 
tool with the tool input being polishing time and the tool output being a 
post-polish wafer layer thickness associated with CMP tool for a run. 
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SYSTEM AND METHOD FOR CONTROLLING THE MANUFACTURE OF 
DISCRETE PARTS IN SEMICONDUCTOR FABRICATION USING 
MODEL PREDICTIVE CONTROL 

Field of the Invention 

The present invention relates generally to the manufacture of discrete 
parts using model predictive control, more specifically, to a system and method for 
controlling the manufacture of semiconductor wafers using model predictive control. 

Background of the Invention 

Many manufacturing operations involve the manufacture of discrete 
parts. Semiconductor fabrication includes the fabrication of discrete parts, such as 
runs or batches of wafers, each of which includes one or more wafers fabricated 
using similar processing. One challenge in semiconductor fabrication is controlling 
equipment inputs from run to run. The challenge in run-to-run control stems from a 
lack of real-time information about process states and output states while processing 
a given wafer or group of wafers and variable input states of incoming wafers. 

Chemical-mechanical polishing (CMP) is a common and rapidly 
growing process used in the fabrication of semiconductor wafers for planarizing 
silicon dioxide as well as other types of layers on semiconductor wafers. Chemical 
mechanical polishing typically utilizes an abrasive slurry disbursed in an alkaline or 
acidic solution to planarize the surface of the wafer through a combination of 
mechanical and chemical action. A typical chemical mechanical polishing tool 
includes a rotatable circular platen or table on which a polishing pad is mounted and 
a polishing device is positioned above the pad. The polishing device includes one or 
more rotating carrier heads to which wafers can be secured typically through the use 
of vacuum pressure. In use, the platen is rotated and an abrasive slurry is disbursed 
onto the polishing pad. Once the slurry has been applied to the polishing pad, a 
downforce is applied to each rotating carrier head to press its wafer against the 
polishing pad. As the wafer is pressed against the polishing pad, the surface of the 
wafer is mechanically and chemically polished. In a manufacturing operation, the 
usual adjustment parameter or tool input is polishing time (though in some 
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operations, carrier downforce is input as well). Other parameters, such as table 
speed and carrier downforces are fixed for the process. 

As semiconductor devices are scaled down, the importance of run- 
to-run control increases. In particular, it becomes increasingly important to control 
tool outputs as variations in tool outputs deleteriously impact subsequent fabrication 
steps and degrade device performance. In CMP, for example, tool outputs, such as 
post-polish thicknesses of polished layers, must be accurately controlled as 
variations in post-polish thicknesses can, for example, significantly degrade 
subsequent processing steps, such as lithography. 

Conventional run-to-run control of manufacturing tools, such as 
CMP tools, typically involves the use of Exponentially Weighted Moving Average 
(EWMA) controllers. EWMA controllers typically use a linear regression process 
model such as: 

Where yk is the output at batch k, B is the process gain, u^-i is the 
input at batch k calculated from information up through batch k- 7, c^-i is the 
estimate for the intercept, and e^ is unknown process noise entering the system. 
Typically, the system gain and the initial value of the intercept is modeled a priori 
from designed experiments. 

The intercept is typically updated recursively by an observer of the form: 

c *m = X (y^ - 5 Vi|*- 2 ) + 0 ~ *)'*mm Pi 
where X is the exponential weighting factor, or tuning parameter, of the observer. 
The weighting factor X takes a value between 0 and 1 and is chosen based on the 
desired properties of the observer. Using the updated intercept, the input for batch k 
(ukjk-i) is determined from the following relationship: 

Ukjk-iKT-c^O/B [3] 
where T is a target output thickness. 

Other controllers, such as predictoi^corrector controllers (PCC), have 
been suggested for run-to-run control. PCC uses a second exponential filter to 
forecast the trend in the estimated intercept in an attempt to predict how the intercept 
will change in the future, while the standard EWMA controller simply assumes the 
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intercept will remain constant The additional observer equation of the PCC is of the 
form: 

where Sc^^ is the smoothed trend of the intercept. After this modification, the 
model prediction equation then becomes: 

T k =*\*-i [5] 
with the new prediction for the intercept given by: 

C k\k-\ = C A|*-1 + & A|*-1 t 6 l 

Despite the use of EWMA and PCC controllers, variations in tool 
output still significantly impact semiconductor fabrication and device performance. 
The significance of the impact is also growing as a result of the ever decreasing size 
of semiconductor devices. Consequently, semiconductor manufactures seek systems 
and methods for more accurately controlling the manufacture of semiconductor 
wafers. 



Summary of the Invention 

The present invention provides a system and method for controlling 
the manufacture of semiconductor wafers using model predictive control. In 
accordance with one embodiment, a tool output of the manufacturing tool is 
determined based on a first wafer run. Using the tool output, a tool input for a 
subsequent wafer run is determined by minimizing an optimization equation being 
dependent upon a model which relates tool output to tool process state and tool 
process state to tool input and previous tool process state. The tool input is then 
provided to the manufacturing tool for processing a second wafer run. In this 
manner, processing by the tool or tool age is taken into account in determining the 
tool input for a subsequent run. This can reduce variations in tool output from run- 
to-run and improve the characteristics of the ultimately formed semiconductor 
devices. The tool may, for example, be a chemical mechanical polishing tool with 
the tool input being polishing time and the tool output being a post-polish wafer 
layer thickness associated with CMP tool for a run. 
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The above summary of the present invention is not intended to 
describe each illustrated embodiment or implementation of the present invention. 
The Figures and the detailed description which follow more particularly exemplify 
these embodiments. 

Brief Description of the Drawings 

The invention may be more completely understood in consideration 
of the following detailed description of various embodiments of the invention in 
connection with the accompanying drawings, in which: 

Figure 1 illustrates a conventional polishing tool having multiple 
polishing arms; 

Figure 2 illustrates an exemplary control system for a polishing tool 
in accordance with one embodiment of the invention; and 

Figure 3 is a flow chart illustrating an exemplary process for 
controlling a polishing tool in accordance with one embodiment of the invention; 

While the invention is amenable to various modifications and 
alternative forms, specifics thereof have been shown by way of example in the 
drawings and will be described in detail. It should be understood, however, that the 
intention is not to limit the invention to the particular embodiments described. On 
the contrary, the intention is to cover all modifications, equivalents, and alternatives 
falling within the spirit and scope of the invention as defined by the appended 
claims. 

Detailed Description 

The present invention generally provides a system and method for 
run-to-run control of the manufacture of semiconductor wafers using model 
predictive control. The invention is particularly suited for controlling post-polish 
thicknesses of wafer layers, such as dielectric layers, by chemical mechanical 
polishing (CMP) tools. While the invention is not so limited, a more thorough 
understanding of the invention will be achieved by reading the detailed description 
which follows. 

Figure 1 illustrates, by way of example, a polishing tool which may 
be used with the present invention. The exemplary polishing tool 100 generally 
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includes a polishing pad 1 10 mounted on a platen 1 12 and a multi-head carrier 120 
positioned above the polishing pad 110, The multi-head carrier 120 typically 
includes a plurality of rotatable polishing arms 122, each of which includes a head 
124. Wafers can be secured to the carrier heads 124 by known techniques such as 
vacuum pressure. A source of polishing fluid (not shown) is also provided to supply 
polishing fluid to the pad 1 10 for polishing. It should be appreciated that the 
polishing tool 100 is illustrated by way of example only. Other polishing tools 
having one or more polishing arms may be used with the present invention. 

Figure 2 illustrates an exemplary control system for controlling a 
polishing tool, such as the one described above, in accordance with one embodiment . 
of the invention. The exemplary control system 200 includes two metrology tools 
210 and 212 for measuring pre-polish thicknesses and post-polish thicknesses of 
wafer layers (e.g., dielectric layers), respectively. It should be appreciated that while 
two metrology tools are illustrated, a single metrology tool may be used to perform 
both pre- and post-polish thickness measurements. The two metrology tools 210 
and 212 are coupled to a polish tool 220. A suitable metrology tool for many 
applications is the Optiprobe metrology tool by Thermawave. 

The system further includes a controller 230 coupled to the polishing 
tool 220 for controlling the inputs, such as polishing time to the polishing tool 220. 
The controller 230 generally receives pre- and post-polish thickness measurements 
from the metrology tools 210 and 21 2 for a wafer run and uses the thickness 
measurements to control a polishing time input to the polish tool 220 for a 
subsequent wafer run. The polishing time input may, for example, be a deviation 
from a nominal polishing time. The controller may, for example, be a model 
predictive controller implemented using, for example, MatLab Optimization 
Toolbox® routines. The controller 230 may be interfaced with the polish tool 220 
using, for example, an Advance Process Control Framework interface. 

An exemplary process flow for the system 200 is illustrated in Figure 
3. At block 302, a first wafer group (e.g., one or more wafers depending on the 
number of polishing arms) is provided to the metrology tool 210 for measuring a 
pre-polish thickness of each wafer layer to be polished. Each pre-polish thickness is 
then stored, typically in a database accessible by the controller 230. The wafer group 
is then loaded onto the carrier head(s) of the tool's polishing arm(s) and the wafer 
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group is polished using a predetermined polishing time to remove at least part of the 
wafer layer of each wafer, as indicated at block 304. The polishing time may be 
either calculated by the controller 230 at block 310 (as will be discussed below) or, 
for an initial run, predefined by an operator. The polishing is typically performed at a 
predetermined table speed with predetermined downforces on each arm. The 
controller 230 may, however, be used to determine the downforces on each arm if 
desired. Techniques for controlling the downforces on the polishing arms of a 
multi-arm polishing tool are described in the co-pending and commonly assigned 
U.S. patent application, entitled "SYSTEM AND METHOD FOR CONTROLLING 
A MULTI-ARM POLISHING TOOL," having an Attorney Docket No. 
1 1729.2 19US01, the contents of which are herein incorporated by reference. 

After polishing the wafer group, the post-polish thickness of the 
polished layer of each wafer are determined by metrology tool 212, as indicated at 
block 306. The post-polish thickness for each wafer is typically stored in the 
database accessible by the controller 230. At block 308, the controller 230 
determines whether the wafer run has finished. If not, control moves to block 302 
and another wafer group is polished using the same polishing time input. If the run 
has finished, control moves to block 310 where a new polishing time input (which 
will be applied to a subsequent wafer run) is determined by the controller 230. 
Typically, the controller 230 determines the new polishing time input for the 
polishing tool 220 by solving an optimization equation based on a model which 
includes a predetermined relationship between predicted removal amount and 
current removal amount. Details of exemplary process model and optimization 
equation which may be used by the controller 230 are discussed below. Control then 
moves to block 312 where the new polishing time input is provided to the polish tool 
220. Another wafer run is then polished using the new polishing time inputs 
determined by the controller 230 at block 310. 

As noted above, the new polishing time input is determined by 
solving an optimization equation based on a process model. An exemplary process 
model for a polish tool, suitable for many applications, is: 

z k +i = tfZk+toik+wjc [7] 
where z& \ is a predicted amount of material removed at run k+1 , Zk is a the amount 
of material removed at run k+1, u* represents the polishing time input (e.g., a polish 
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time or deviation from a nominal polishing time), Wk represents process noise, a 
accounts for any tendency for the process to change over time or drift, and b relates 
the polishing time input to the amount of material removed. The use of the term oz k 
advantageously takes process dynamics, such as tool drift resulting from pad 
degradation, into account and allows the polishing time input to be determined based 
on such process dynamics. The fixed coefficient a may be view as a memory effect 
coefficient which takes into account the effects of one polish process on future 
polish processes. 

The values of a and b as well as noise wjc are process dependent. For 
instance, with a polishing tool, a and b can vary depending on the type of polishing 
tool, the table speed, the arm downforces, the slurry and the topography of the wafer 
being polished. Typically, the coefficients a and b and noise w* are determined 
experimentally for a given polishing tool using test wafers. Suitable experimental 
techniques include well-known design of experiment (DOE) or pseudo-random 
binary sequence system identification techniques. By way of example and not of 
limitation, for many polishing applications, suitable values for a range from -1 to 1 , 
while suitable values of b range from 40 to 250 Angstroms/second. The noise Wk is 
typically a random variable normally distributed, e.g., at about 5-10% of target 
output thickness. 

The exemplary process model may further include a feed forward 
model which accounts for upstream variations in a process, such as pre-polish layer 
thicknesses between runs. For example, in a typical fabrication facility, the 
deposition and polishing steps are not tightly coupled and a polishing tool typically 
receives wafers from several different deposition tools. As a result, the pre-polish 
thickness of wafers typically (and often, substantially) varies from run-to-run. A 
suitable feed forward model for many applications would be: 

fk+i=afk [8] 
where f|c+i is a predicted incoming thickness at run k+1 and fk is the incoming 
thickness on run k. Typically, the incoming thickness level ft is an average of the 
incoming thickness of the wafer(s) processed at run k. The factor a accounts for 
drift in the upstream process (e.g., drift in a deposition tool). For many applications 
a may equal 1 (one), signifying that the best estimate of the next incoming thickness 
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fk+i is the last incoming thickness fk. The use of such a measured feed forward 
disturbance model can further enhance controller performance. 



disturbance model which accounts for unknown state disturbances, such as slurry 
changes, pad changes, etc., between runs. A suitable unknown state disturbance 
model for many applications would be: 



where dk+i and d k are unknown disturbances at runs k+1 and k, respectively, 
Typically, the unknown disturbance level for the tool at run k (4) is the difference 
between the expected post-polish thickness level for run k and the measured post- 
polish thickness level. The value d k may also be filtered if desired. The factor p 
may be used to account for drift in the unknown disturbance. For many applications 
P may equal 1 (one), signifying that the best estimate of the next incoming unknown 
disturbance dk+i is the last unknown disturbance dk. The use of such an unknown 
disturbance model can further enhance controller performance. 

An exemplary process model of the system, which uses both a feed 
forward model and an unknown disturbance models is: 

Zk+i = az k +&u k + fk+dk+Wk 



metrology tools by virtue of the time needed to measure layer thicknesses. One 
suitable output model includes a time delay of 2 units (i.e., 2 runs) and is as follows. 



The exemplary process model may further include an unknown state 



dk+i=pdk 



[9] 



fk+I^fk 

4+i = dk 

The output, post-polish thickness yk, of the system is modeled by: 



[10] 
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y k =[00-1001001] 



/* 

/*-. [12] 
d k 
{dk-is 

An exemplary optimization equation for controller may be: 



"T £ -JvJ'fifjWi -yr)+«lj^k +J +&«l J SAu k . J [13] 

subject to Equations [10] and [1 1] above. Where y T is a target output, Q is the 
weight on the output error (the difference between post-polish thickness at run 
k+j+ 1 and target post-polish thickness y T ), S is the weight on the rate of change of 
the inputs Auk+j, and R is the weight on the inputs u k +j, and u N is the sequence of N 
input moves computed as the solution to equation [3], N is suitably selected based 
on the number of runs which the controller is desired to look ahead when computing 
a solution at run k. In certain embodiments, the controller may be simplified by 
using a sequence of future moves N of one (1). In such cases, the optimization 
equation reduces to: 



mm 



[14] 



subject to Equations [10] and [1 1] above. The weights Q, R (if appropriate) and S 
may be suitably selected based on the desired weighting of the respective functions 
(i.e., the output errors, the inputs, and the rate of change of the inputs). This allows 
control of the polish tool to be tuned for a desired performance. For example, 
performance such as minimizing output deviations from target or minimizing 
changes in polishing time can be tuned by varying weights Q and S. The 
optimization equation (e.g., equation 13 or 14 above) of the controller 230 may be 
solved for the input, polishing time Uk, which minimizes the optimization equation 
over a predetermined sequence of inputs N. 
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The optimization equation may further be solved for the polishing 
time which minimizes the optimization equation (e.g., equation 13 or 14 above) over 
N future runs taking into account constraints on the polishing tool. The constraints 
are typically dictated by processing considerations and may include, for example, 
requiring polishing time input to be less than a certain value (e.g., Uk< time ma x) or 
that change in polishing time inputs between runs must lie between an upper bound 
and a lower bound (e.g., Bi<Uk+i-Uk<Bu). 

In operation, the controller 230, at block 310, determines a post- 
polish thickness level y^ and a pre-polish thickness level f k for the tool for the 
current run (run k). For multiple wafers, the pre-polish and post-polish thicknesses 
fk and yk of the tool may be the averaged pre- and post-polish thickness for the 
wafer(s) polished during run k. For models using an unknown disturbance model an 
unknown disturbance value, d k for the tool is also determined. The value d k for the 
tool at run k may be the difference between an expected post-polishing thickness for 
run k and the measured post-polish thickness level at run k. Using the measured 
pre- and post-polish thickness levels fk and y k (and, in desired cases, the unknown 
disturbance, d*), the controller 230 then solves an optimization equation (e.g., 
equation 13 or 14 above) for a new polishing time Uk (to be applied during the next 
run, run k+1) which minimizes the optimization equation subject to any constraints 
over the predetermined future inputs N. 

Using the above control system, run-to-run variations in post polish 
thickness can be reduced as compared to conventional control techniques (such as 
EWMA or PCC techniques). The above control system reduces such run-to-run 
variations by, for example, taking into account drift of the process in determining 
future process output and inputs. In particular a fixed amount of drift (a in equation 
[7]) is incorporated into the controller for more accurately controlling the polishing 
tool. Further reductions in run-to-run variations may be provided by incorporating 
measured feed forward disturbance (e.g., thickness disturbance) and unknown 
disturbance models into the process model and controller's optimization equation. 

While the above exemplary embodiments illustrate the run-to-run 
control of polishing tools, such as CMP tools, it is stressed that the present invention 
is not limited to the control of polishing tools, but extends to cover any 
manufacturing tool used in run-to-run manufacturing. Other systems or tools, to 
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which the present invention is applicable include, for example, deposition tools, 
such as chemical-vapor deposition (CVD) tools and sputter deposition tools. For 
instance, with CVD deposition tools, the tool output may be deposition layer 
thickness, while the process state may be chamber cleanliness. With sputter 
deposition tools, the tool output may be deposition layer thickness, while the process 
state may be target age or cleanliness. 

As noted above, the present invention is applicable to run-to-run 
control of a number of different manufacturing tools. Accordingly, the present 
invention should not be considered limited to the particular examples described 
above, but rather should be understood to cover all aspects of the invention as fairly 
set out in the attached claims. Various modifications, equivalent processes, as well 
as numerous structures to which the present invention may be applicable will be 
readily apparent to those of skill in the art upon review of the present specification. 
The claims are intended to cover such modifications and devices. 
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WE CLAIM : 

1 . A method for run-to-run control of a semiconductor manufacturing 
tool in a semiconductor fabrication facility, comprising: 

determining a tool output of the semiconductor manufacturing tool 
based on a first wafer run; 

determining a tool input for the semiconductor manufacturing tool for 
a subsequent wafer run by minimizing an optimization equation using the tool 
output, the optimization equation being dependent upon a model which relates tool 
output to tool process state and tool process state to tool input and previous tool 
process state; and 

providing the tool input to the manufacturing tool for processing the 
subsequent wafer run. 

2. The method of claim 1 , wherein determining the tool input includes 
minimizing the optimization equation over one or more future runs. 

3. The method of claim 2, wherein determining the tool input includes 
minimizing the optimization equation over two or more future runs. 

4. The method of claim 2, wherein the optimization equation is 
function of tool output 

5. The method of claim 4, wherein the optimization equation is 
function of a rate of change of tool input. 

6. The method of claim 5, wherein the optimization equation is 
function of tool input. 

7. The method of claim 5, wherein the optimization equation includes 
weighting coefficients for tool output and the rate of change of tool input 

8. The method of claim 2, wherein minimizing the optimization 
equation includes minimizing the optimization equation subject to one or more 
constraints. 
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9. The method of claim 1, wherein determining the tool output 
includes averaging an individual tool output for each wafer in the first run. 

1 0. The method of claim 1 , wherein the model includes the 
relationship: 

Zfcfi^ZjcAUfc) 

where Zk+i is represents a predicted tool process state for a run k+1, 
represents a measured tool process state at a run k, Uk represents a input value for run 
k, coefficient a represents a fixed coefficient associated with tool drift and 
coefficient b represents a coefficient relating tool input u^ to tool process state Zk+i. 

1 1 . The method of claim 10, wherein the model further includes a feed 
forward disturbance model. 

12. The method of claim 10, wherein the model further includes an 
unknown state disturbance model. 

13. The method of claim 10, wherein the model further includes an 
output model. 

14. The method of claim 13, wherein the output model includes time 

delay. 

1 5 . The method of claim 1 , wherein the semiconductor manufacturing 
tools is a polishing tool, the tool output represents a post-polish wafer layer 
thickness level, the tool input represents a polishing time, and the tool process state 
represents an removal amount level. 
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16. A run-to-run controller for controlling a semiconductor 
manufacturing tool, comprising: 

means for determining a tool output of the semiconductor 
manufacturing tool based on a first wafer run; 

means for determining a tool input for the semiconductor 
manufacturing tool for a subsequent wafer run by minimizing an optimization 
equation using the tool output, the optimization equation being dependent upon a 
model which relates tool output to tool process state and tool process state to tool 
input and previous tool process state; and 

means for providing the tool input to the manufacturing tool for 
processing the subsequent wafer run. 

1 7. The controller of claim 1 6, wherein means for determining the tool 
input includes means for minimizing the optimization equation over one or more 
future runs. 

18. The controller of claim 1 7, wherein means for determining the tool 
input includes means for minimizing the optimization equation over two or more 
future runs. 

1 9. The controller of claim 1 7, wherein the optimization equation is a 
weighted function of tool output 

20. The controller of claim 1 9, wherein the optimization equation is 
weighted function of a rate of change of tool input. 

21 . The controller of claim 20, wherein the optimization equation is a 
weighted function of tool input. 

22. The controller of claim 1 7, wherein means for minimizing the 
optimization equation includes means for minimizing the optimization equation 
subject to one or more constraints. 
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23 . The controller of claim 1 6, wherein means for determining the tool 
output includes means for averaging an individual tool output for each wafer in the 
first run. 

24. The controller of claim 1 6, wherein the model includes the 
relationship: 

Zk + i=f(azk 5 6u k ) 

where Zk+i is represents a predicted tool process state for a run k+1, z k 
represents a measured tool process state at a run k, u k represents a input value for run 
k, coefficient a represents a fixed coefficient associated with tool drift and 
coefficient b represents a coefficient relating tool input u k to tool process state Zk+i. 

25. The controller of claim 24, wherein the model further includes a 
feed forward disturbance model. 

26. The controller of claim 24, wherein the model further includes an 
unknown state disturbance model. 

27. The controller of claim 24, wherein the model further includes an 
output model. 

28. The controller of claim 16, wherein the semiconductor 
manufacturing tools is a polishing tool, the tool output represents a post-polish 
wafer layer thickness level, the tool input represents a polishing time, and the tool 
process state represents a removal amount level. 



15 



WO 00/00874 



PCT/US98/27074 



29. A polishing system, comprising: 
a polishing tool; 

one or more metrology tools, connected to the polishing tool, for 
measuring pre-polish thicknesses and post-polish thicknesses of layers on wafers; 

a run-to-run controller coupled to the polishing tool and the one or 
more measuring tools configured to; 

determine a post-polish thickness associated with the polishing tool 
for a first wafer run; 

determine a pre-polish thickness associated with the polishing tool 
for the first wafer run; 

determine a polishing time input for the polish tool for a subsequent 
wafer run by minimizing an optimization equation using the post-polish thickness 
and the pre-polish thickness, the optimization equation being dependent upon a 
model which relates post-polish thickness to removal amount and which relates 
removal amount to a previous removal amount; and 

provide the polishing time input to the manufacturing tool for 
processing the subsequent wafer run. 

30. The polishing system of claim 29, wherein the controller 
determines the tool input by minimizing the optimization equation over one or more 
future runs. 

3 1 . The polishing system of claim 29, wherein the controller 
determines the tool input by minimizing the optimization equation over two or more 
runs. 

32. The polishing system of claim 29, wherein the optimization 
equation is function of tool output. 

33. The polishing system of claim 32, wherein the optimization 
equation is function of a rate of change of tool input 

34. The polishing system of claim 33, wherein the optimization 
equation is function of tool input. 
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35. The polishing system of claim 33, wherein the optimization 
equation includes weighting coefficients for tool output and the rate of change of 
tool input. 

36. The polishing system of claim 30, wherein the controller 
minimizes the optimization equation subject to one or more constraints. 

37. The polishing system of claim 29, wherein the controller 
determines the tool output by averaging an individual tool output for each wafer in 
the first run. 

38. The polishing system of claim 29, wherein the model includes the 
relationship: 

Zk+l=f(^Zk,6u k ) 

where z^+i is represents a predicted tool process state for a run k+1, z k 
represents a measured tool process state at a run k, u k represents a input value for run 
k, coefficient a represents a fixed coefficient associated with tool drift and 
coefficient b represents a coefficient relating tool input Uk to tool process state Zk+i. 

39. The polishing system of claim 38, wherein the model further 
includes a feed forward disturbance model. 

40. The polishing system of claim 38, wherein the model further 
includes an unknown state disturbance model. 

41 . The polishing system of claim 38, wherein the model further 
includes an output model. 



17 



WO 00/00874 



1/3 



PCT/US98/27074 




WO 00/00874 



2/3 



PCT/US98/27074 




WO 00/00874 



PCT/US98/27074 



FIG. 3 



3/3 



302 



312 

L 



Provide New 
Polish Time Input 
To Polish Tool 



Determine Pre- 
Polish Thickness 



304 



Polish Wafers 
With Polish Time 
Input 



306 



Determine Post- 
Polish Thickness 



308 




310 



Determine New 
Polish Time Input 
For Next Run 



INTERNATIONAL SEARCH REPORT 



Inte onaJ Application No 

PCT/US 98/27074 



A CLASSIFICATION OF SUBJECT MATTER 

IPC 6 G05B19/418 H01L21/66 



According to Intemattonal Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 

IPC 6 G05B H01L 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and. where practical, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



EP 0 643 344 A (TEXAS INSTRUMENTS INC) 
15 March 1995 

see column 5, line 38 - column 14, line 
47; figures 1-6 

US 5 695 601 A (KODERA MASAKO ET AL) 
9 December 1997 

see column 3, line 1 - column 5, line 49; 
figures 3-5 

US 5 665 199 A (SAHOTA KASHMIR S ET AL) 
9 September 1997 

see column 16, line 58 - column 22, line 
60; figure 4 

-/-- 



1-4,8, 
16-19,22 
9,15,23, 
28-32,36 

9,15,23, 
28-32,36 



1-41 



m 



Further documents are listed in the continuation of box C. 



0 



Patent family members are fisted in annex. 



° Special categories of cited documents : 

"A" document defining the general state of the art which is not 

considered to be of particular relevance 
"E" earlier document but published on or after the international 

filing date 

"L" document which may throw doubts on priority claim(s) or 
which is cited to establish the publication date ol another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use, exhibition or 
other means 

"P" document publish ad prior to the international filing date but 
later than the priority date claimed 



T" later document published after the international fding date 
or priority date and not In conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an Inventive step when the document is taken alone 

"Y" document of particular relevance; the claimed invention 
cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art 

document member of the same patent family 



Date of the actual comptatjon of the International search 



23 April 1999 



Date of mailing of the international search report 



03/05/1999 



Name and mafling address of the ISA 

European Patent Office, P.B. 5818 Patentlaan 2 
NL-2280HVRijsw§k 
TeL (+31-70) 340-2040. T>c 31 651 epo nl. 
Fax: (+31-70) 340-3016 



Authorized officer 



Tran-Tlen, T 



Form PCT/ISA/2 1 0 (second ehoet) (Jury 1992) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



tntt jonal Application No 

PCT/US 98/27074 



C(Contlnuation) DOCUMENTS CONSIDERED TO BE RELEVANT 



Category * Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



US 5 526 293 A (MOZUMDER PURNENDU K ET 
AL) 11 June 1996 

see column 3, line 15 - column 6, line 46; 
figures 1,2 

US 5 408 405 A (MOZUMDER PURNENDU K ET 
AL) 18 April 1995 

see column 3, line 4 - column 12, line 25; 
figure 1 

US 5 655 951 A (MARTY LUCKY F ET AL) 
12 August 1997 

see column 6, line 31 - column 8, line 31; 
figure 6 

US 5 298 110 A (SCHOENBORN PHILIPPE ET 
AL) 29 March 1994 

see column 7, line 11 - column 15, line 
18; figures 7,12,13 



1-41 



1-41 



1-41 



1-41 



Form PCT/lSA/2 1 0 (continuation of second shoot) (JUy 1992) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

Information on patent family members 



Into onal Application No 

PCT/US 98/27074 



Patent document 
cited In search report 



Publication 
date 



Patent family 
member(s) 



Publication 
date 



EP 0643344 


A 


15-03-1995 


US 


5402367 A 


28-03-1995 








ID 

Jr 


7101777 ft 

/iyi/j/ ft 


OQ— A7—1 (IOC 








US 


5838595 A 


17-11-1998 


lit* crACcm 

US 5695601 


A 

A 


AA 1 A 1 AAf 

09-12-1997 


NONE 






1 If* Pf £P1 AO 

US 5665199 


A 


AA A A 1 AA~T 

09-09-1997 


1 IA 

WO 


07A1 1 OC A 

9701186 A 


AA A 1 1 AAT 

09-01-1997 


US 5526293 


A 


11-06-1996 


1 to 

US 


C££ 1 C C. A A 

5661669 A 


O C AO 1 AAT 

26-08-1997 


US 5408405 


A 


18-04-1995 


NONE 






US 5655951 


A 


12-08-1997 


US 


5609718 A 


11-03-1997 








us 


5801066 A 


A4 AA 1 AOA 

01-09-1998 


US 5298110 


A 


29-03-1994 


us 


5290396 A 


01-03-1994 








us 


5441094 A 


15-08-1995 








Jp 


5259135 A 


08-10-1993 








us 


5413966 A 


09-05-1995 








us 


5248625 A 


28-09-1993 








us 


5225358 A 


06-07-1993 








us 


5217566 A 


08-06-1993 








us 


5471091 A 


28-11-1995 








us 


5312770 A 


17-05-1994 








us 


5252503 A 


12-10-1993 



Ram PCT/rSA/210 (pa»rt femly annex) (Jiiy 1992) 



